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The situation portrayed here, drug concentrations in patients exceeding MPC, has been reported for only a few drug-pathogen combinations (one is ciprofloxacin vs H. influenzae; another is moxifloxacin vs S. pneumoniae). In general, Cmax is inside the selection window. The authors should be careful, perhaps by redrawing the figure or by modifying the legend, to avoid misleading the reader.
Reviewer #2 (Remarks to the Author):
The manuscript by Podnecky et al describes the collateral sensitivity networks of the E. coli strains from UTI. Single isolates for each drug resistant populations were tested against the panel of 16 antibiotics to determine the change in susceptibility. Resistance mechanisms and mutant selection windows were further investigated as well.
Major comments
The study expands the number of E. coli isolates tested from 3 strains (Imamovic and Sommer, 2013) to 10 clinical strains in the current study. While the research preformed by Podnecky and colleagues expands to broader collection of isolates then used before for E.coli, the novelty of this study is somewhat limited. The major driver for the study was said to be not explored direction for genetically diverse strains. However, the authors only use 10 strains as well, this small collection of isolates it is only limited to pan-suseptible strains as well. The authors could offer further information for strain selection. How diverse these strains are (e.g. number of SNPs)?
In particular the term used "in depth study" across genetically diverse isolates seems over statement. All isolates were susceptible to antibiotics and such scenario does lead to the misleading conclusion no matter what the genetic background is, it would lead to conserved responses (as also recognised by authors in the discussion section).
Minor comments Line 299. E. coli MG1655 is the E. coli strain as well. Please specify the strain differences correctly from the appropriate references quoted, if any.
Reviewer #3 (Remarks to the Author):
The topic of the paper is very timely and important; collateral-sensitivity (CS) informed therapy is a promising selection inversion strategy to combat antimicrobial resistance. With this work the authors intend to fill the research gap regarding the conservation of CS networks across diverse clinical E. coli strains. To this purpose i) they chose ten different UTI clinical E. coli isolates, ii) generated antimicrobial resistant mutants from each of these isolates with resistance levels above clinical breakpoints against four different antibiotics used in UTI treatment and iii) they investigated the collateral networks of the resistant mutants against 16 antimicrobials from different drug classes.
By performing a multivariate statistical analysis they found that genetic background did not contribute significantly to collateral responses and based on this they claim that collateral responses are conserved across different E. coli clinical strains. In addition to this their main conclusion is that resistance mechanisms, especially efflux related mutations are the key predictors of collateral responses.
Major concerns:
Conservation of the collateral responses across diverse clinical E. coli strains is the main result of this paper. To be able to draw this important conclusion the authors need to present a figure with the phylogenetic tree of E. coli strains where they place the ten studied E. coli isolates and show that indeed these are different from each other. This is indispensable to draw a conclusion about conservation.
Please note also that the manuscript investigates E.coli strains only. It is unknown whether the same results would hold for other enterobacterial species, such as Salmonella.
Their second main conclusion is that efflux mutations are the key predictors of collateral responses. However, when they performed the multivariate analysis separately for each AMR group this conclusion was not valid for trimethoprim and ciprofloxacin resistant mutants. The authors should give a possible explanation for this, especially because almost half of the conserved collateral responses were found in ciprofloxacin resistant mutants.
At the end of the abstract the authors claim that "detection of resistance mechanisms is important to accurately predict collateral antimicrobial responses", but they do not present a "prediction map" based on their results. Put it simply, they should give some examples that the presence of given mutations in resistant strains would indicate collateral sensitivity or collateral resistance against given antibiotics.
Minor concerns:
• Elaborate on the reason of choosing redundancy analysis (RDA) for multivariate statistical analysis.
• In my opinion figure 2 contains too much information making the interpretation difficult. It would be helpful for the reader if the authors could dissect it into separate figures, each highlighting one main conclusion.
In sum, if the authors address the raised concerns in a satisfactory way, I support the publication of the paper in Nature Communications.
Response to reviewers:
Reviewer #1 (Remarks to the Author):
MAIN COMMENTS
A. The main point of this paper is that resistance to one antimicrobial can increase or decrease the propensity for resistance to emerge to other antimicrobials. The approach developed can guide antimicrobial selection and order of treatment to minimize the emergence of resistance. That could be important. The paper would be stronger and more citable if specific clinical advice is derived. Reaching this goal may require stronger experiments, an issue the authors can address. B. Use of IC-90 may not be optimal, as IC-50 may be a more accurate parameter. Please consider probit analysis, change to IC-50 for analysis. If I am correct, this will increase the rigor of the work and author credibility. C. Ciprofloxacin appears to be an especially problematic compound. You will need to supply a good explanation, which probably involves selection of efflux mutations. You may not be able to say why quinolones are prone to efflux, but documenting that they are special will be satisfying. Compare with other antimicrobial classes. D. Efflux to quinolones is likely selected at low doses. There are several examples in which population analysis shows that low doses select so many non-target mutants that target mutant are not seen (see Zhou 2000 J Inf Dis for mycobacteria). While these non-target mutants are likely to be efflux, but that was probably not shown. There should be other papers that will make this point about efflux. Since many of the cip-resist mutants in the present study were obtained by multiple rounds of challenge, it is not surprising that many efflux mutations will be present. As a test, select single-step gyrA mutants by very high concentrations on ciprofloxacin. They should not have efflux mutants and they should behave differently with respect to resistance to other antimicrobials. This is an important experiment because it supports the general idea that dosing high is superior to dosing low and using marginally active fluoroquinolones. Thus, this experiment will add an important dimension to the paper.
Our response: We agree that an experiment investigating single-step gyrA mutants would add an important dimension to this manuscript. As recommended, we have therefore performed it. As reviewer 1 (and we) expected, single gyrA mutants uniformly did not display most of the CR responses that were seen in the multi-step ciprofloxacin resistant mutants. This strongly supports a link between the widespread occurrence of CR in the ciprofloxacin resistant mutants and the observed efflux mutations. This adds important mechanistic support for the idea that efflux dictates most collateral effects as now described on lines 207-216 and 285-295.
In response to the first point about efflux selected at low doses: The evolutionary trajectory of ciprofloxacin resistance in E. coli is typically initiated by gyrA target mutations yielding an MIC below the clinical breakpoint. After this initial step two trajectories can be taken. 1) gyrA plus additional non-target efflux mutations, and 2) gyrA plus parC (this is the most common genotype described in clinical strains). In the laboratory the emergence of the different mutations is highly conditional. We have observed that static selection at increasing doses predominantly leads to non-target efflux mutations and the frequently described gyrA and parC combination is rarely observed. The high rate of gyrA target mutations in combination with several different off-target efflux mutations reflects the much greater mutational target size as compared to parC mutations. Moreover, the gyrA and parC combination has a much lower fitness cost than compared to the gyrA and efflux combination. Consequently, selection for the most prevalent gyrA and parC combination requires weak prolonged (multi-generation) selection in order for these rare mutants to outcompete the more prevalent gyrA and efflux mutants. The evolutionary dynamics of ciprofloxacin resistance in E. coli was elegantly characterized and described by the Hughes-group in Uppsala (Huseby, DL, Pietsch, F, et al. 2017 Mol Biol Evol). We have not elaborated on this further in the revised version of the manuscript because it is beyond the scope of our manuscript.
E. Effects on the mutant selection window are mentioned and documented in a figure. This is an important support for the selection window hypothesis, and that could be mentioned. Also note that the accumulation of resistance alleles raises the mutant selection window has been reported and cited (Li 2004 AAC 48: 4460) . There may be other examples.
Our response: We thank the reviewer for bringing the reference to our attention. It is indeed a nice example of how step-wise selection shifts the mutant selection window upwards. We have now included the reference in the revised version of the manuscript, see Line 404.
F. Although English usage is excellent, the excessive use of acronyms slows reading. At every acronym, other than common ones such as DNA, reading stops as the reader tries to remember the definition. The only reason for using the acronyms is to keep the word count down, but at the cost of reader understanding. The work could also be made more readable by shorter paragraphs. The material is complex, and the reader needs spots to consolidate the information. More "Thus" sentences would help the flow of the story. Comma errors and hyphenation errors with compound adjectives suggest that the work could have been more carefully prepared.
Our response: We agree that our use of acronyms was excessive. These have been considerably reduced, the manuscript was thoroughly proofread, and we have introduced more paragraph breaks to facilitate readability. All changes are highlighted in the revised version.
SPECIFIC, OFTEN MINOR COMMENTS (some may be redundant with the above; items with asterisk are important to consider)
Line 50: I would like to see a reference for the statement that the rate is lagging. Line 132 changes does not mean only reduced -changes could mean increased.
Our response: Thank you for this point. This has now been clarified in the revised manuscript, see lines 138-139.
Line 156 clinically relevant. This term is vague, since the changes could influence the emergence of resistance (rather than cure rate), which would be clinically relevant. Line 201 pan-susceptible by growth criteria. But you are looking at the emergence of additional alleles, and there are reports in the literature that par mutations can dramatically increase the selection of quinolone resistant gyrA alleles (see Zhao PNAS 1998). Thus, you need to rethink your statement here.
Our response: Thank you for this point. We have now modified this statement to read: "Though all of the wild-type strains were phenotypically pansusceptible ( Supplementary Fig. 1c ), these resistance determinants could affect antimicrobial susceptibilities differentially in the presence of other mutations (8-10)." See whole genome sequencing section of Supplementary Methods. We have also included references that report mutations in parE that accumulate together with mutations described in our study, leading to elevated ciprofloxacin MICs.
Line 225: limited is vague. Do you mean minor? Non-significant -do you mean insignificant? Or do you mean not significant with respect to a statistical parameter?
Our response: We have modified this statement and added a p-value so that is clear that it is not statistically significant, see line 242.
Line 226. Is your data really accurate to three significant figures? Also, the meaning of this number requires comparison with results from mutations (reiterate if stated above)
Our response: We originally provided the percent explained variation (% of total inertia) rounded to two decimals in the original submission (main text).
We have now further adjusted figures to a single decimal throughout the manuscript, except for p-values which are provided as calculated by the permutation tests.
Comparison to mutations: A limitation of our study, from a biological perspective, is that it is difficult to fully disentangle the individual effects of strain background and resistance mutations. It is for this reason that we used the statistical modeling approach to estimate the contribution of each individual factor in order to help explain the phenotypic variation.
Line 254 and elsewhere you need to define significant, perhaps with p values. Line 281. How did you demonstrate that the isolates were genetically diverse? What is your definition of genetically diverse? One line 387 you fail to specify. Is diversity expected because the isolates were from different countries? That seems like a weak argument. This is not a trivial point, since even with whole genome sequencing you have a spectrum. Thus, you will need some definition. Or rephrase genetic diversity to lack definition and still try to maintain credibility.
Our response: This point is well taken, and also brought up by the other two reviewers. In the revision we include a phylogenetic tree based on whole genome sequencing data (specifically the 3.2 Mbp core genomes) to better describe the genetic diversity and relationships between these strains. This approach improves the resolution provided by our previous approach using MLST. This is now presented in Supplementary Fig. 1a-b Line 375: unknown. Since you use the word action, you are covering both bacteriostatic and bactericidal effects. The word unknown is misleading with respect to lethal action, largely because growth rate, in particular stationary phase, can reduce the production of reactive oxygen species which are now well-established as contributors to antimicrobial-mediated killing. A recent reference on growth phase is Collins Mol Cell for mechanism for a phenomenon that dates back at least to the 1960s.
Our response: We thank the reviewer for bringing this our attention. This sentence was ambiguous. The sentence now reads "We used relative growth rates as a proxy for relative fitness and our data are consistent with reports demonstrating that growth rates affect susceptibilities to several antimicrobials (56, 57). " (See lines 434-436). Table S1 . Single replicate. If the data used in the analysis derived from multiple replicates, mention that. Also, spelling of drugs in footnotes.
Our response: These data were based on single MIC gradient strip diffusion assays with validated control strains as an assay control (as is the standard routine in medical microbiology laboratories). We have proof-read the text and corrected all spelling errors.
* Table S4 . DNA mutations. Is there another kind? I cannot believe that your data are significant in some cases to 6 significant figures. These numbers suggest a lack of understanding of significant figures and undermines author credibility.
Our response: If Reviewer 1 refers to the inertia columns in Supplementary  Table 4 , these are output values from our computations, provided here in the supplementary information as raw data, and as such do not want to modify it as others may use it for confirmatory and further analysis.
Line 109 You might want to mention that in some cases multiple rounds of selection were used.
Our response: This is addressed as indicated above (See response to reviewer's point for line 105, above).
*Fig 4.
The situation portrayed here, drug concentrations in patients exceeding MPC, has been reported for only a few drug-pathogen combinations (one is ciprofloxacin vs H. influenzae; another is moxifloxacin vs S. pneumoniae). In general, Cmax is inside the selection window. The authors should be careful, perhaps by redrawing the figure or by modifying the legend, to avoid misleading the reader. Reviewer #2 (Remarks to the Author):
The manuscript by Podnecky et al describes the collateral sensitivity networks of the E. coli strains from UTI. Single isolates for each drug resistant populations were tested against the panel of 16 antibiotics to determine the change in susceptibility.
Resistance mechanisms and mutant selection windows were further investigated as well.
Major comments Note from authors: We have responded within the original paragraph to more easily address aggregated comments.
The study expands the number of E. coli isolates tested from 3 strains (Imamovic and Sommer, 2013) to 10 clinical strains in the current study. While the research preformed by Podnecky and colleagues expands to broader collection of isolates then used before for E.coli, the novelty of this study is somewhat limited.
Our response: We respectfully disagree. As pointed out in our manuscript, and recognized by two other expert reviewers, we demonstrate for the first time that strain background contributes less to collateral responses than both specific resistance mechanisms and the fitness cost of resistance. We also show that even small collateral changes lead to shifts in the mutant selection window with potential implications for resistance evolution in multi-drug environments. Moreover, our data suggest that rapid identification of resistance mechanisms is key for future application of CS and CR clinically.
The seminal paper referred to by reviewer 2 from the Sommer group included two (not 3) clinical isolates that were added to support these authors' findings in E. coli MG1655. We would also like to point out that the initial 10 strains were the basis for a total of 40 (now 49) isolates with reduced susceptibility to antimicrobials that are well characterized in this study.
The major driver for the study was said to be not explored direction for genetically diverse strains. However, the authors only use 10 strains as well, this small collection of isolates it is only limited to pan-suseptible strains as well. The authors could offer further information for strain selection. How diverse these strains are (e.g. number of SNPs)? In particular the term used "in depth study" across genetically diverse isolates seems over statement.
Our response: This point is well taken, and also brought up by the other two reviewers. In the revision we include a phylogenetic tree based on whole genome sequencing data (specifically the 3.2 Mbp core genomes) to better describe the genetic diversity and relationships between these strains. This approach improves the resolution provided by our previous approach using MLST. This is now presented in Supplementary Fig. 1a-b We have also removed the term "in depth" from the mentioned sentence, see line 319.
All isolates were susceptible to antibiotics and such scenario does lead to the misleading conclusion no matter what the genetic background is, it would lead to conserved responses (as also recognised by authors in the discussion section).
Our response: The pan-susceptibility of the initial strain collection is a major strength of this study because it provides a strong base-line control to detect small changes in relative susceptibility (i.e. small changes in collateral susceptibilities). There is no necessary reason that this would lead to conserved responses independent of strain genetic background. Indeed, our results clearly show that only 19 of 60 collateral responses were conserved (Figs 1 and S2 taken together).
Our response: Both strains are indeed E. coli. We here revised the text to eliminate any confusion, see line 347-348.
The topic of the paper is very timely and important; collateral-sensitivity (CS) informed therapy is a promising selection inversion strategy to combat antimicrobial resistance. With this work the authors intend to fill the research gap regarding the conservation of CS networks across diverse clinical E. coli strains. To this purpose i) they chose ten different UTI clinical E. coli isolates, ii) generated antimicrobial resistant mutants from each of these isolates with resistance levels above clinical breakpoints against four different antibiotics used in UTI treatment and iii) they investigated the collateral networks of the resistant mutants against 16 antimicrobials from different drug classes. By performing a multivariate statistical analysis they found that genetic background did not contribute significantly to collateral responses and based on this they claim that collateral responses are conserved across different E. coli clinical strains. In addition to this their main conclusion is that resistance mechanisms, especially efflux related mutations are the key predictors of collateral responses.
Major concerns:
Our response: We appreciate this comment and agree that it is an important point that was also brought up by the other two reviewers. In the revision we include a phylogenetic tree based on whole genome sequencing data (specifically the 3.2 Mbp core genomes) to better describe the genetic diversity and relationships between these strains. This approach improves the resolution provided by our previous approach using MLST. This is now presented in Supplementary Fig. 1a-b Please note also that the manuscript investigates E.coli strains only. It is unknown whether the same results would hold for other enterobacterial species, such as Salmonella.
Our response: We agree that our results do not indicate that CS responses are conserved across species, although this is certainly a very important nextstep. We have added this point to the "caveats" section in our discussion, see lines 426-429.
Their second main conclusion is that efflux mutations are the key predictors of collateral responses. However, when they performed the multivariate analysis separately for each AMR group this conclusion was not valid for trimethoprim and ciprofloxacin resistant mutants. The authors should give a possible explanation for this, especially because almost half of the conserved collateral responses were found in ciprofloxacin resistant mutants. At the end of the abstract the authors claim that "detection of resistance mechanisms is important to accurately predict collateral antimicrobial responses", but they do not present a "prediction map" based on their results. Put it simply, they should give some examples that the presence of given mutations in resistant strains would indicate collateral sensitivity or collateral resistance against given antibiotics.
Our response: In a joint response to reviewer 1 and this point we have added a prediction map with suggested secondary treatments as suggested by conserved CS and CR networks. See the modified Fig. 4 c-d . Specifically, we do illustrate the expected collateral responses based on resistance mechanism for ciprofloxacin resistance in Fig. 4c . These new figure panels are discussed on lines 410-418.
Our response: A standard principle component analysis is descriptive in that it would simply map the correlations between collateral responses. Our aim was to provide a causal explanation and a quantitative assessment of this variation in susceptibility. Therefore, we chose a multivariate modeling approach to estimate the individual and combined effects of each factor/predictor on the collateral responses. The RDA thus allows us to test specific hypotheses and provide direct quantitative estimates of effects size. We have expanded the explanation for this choice in the text, see lines 504-509.
Our response: We agree that the complete triplot of the multivariate model contains too much information and have chosen to display a breakdown of those triplots in Fig 3 (formerly Fig 2) . In sum, if the authors address the raised concerns in a satisfactory way, I support the publication of the paper in Nature Communications.
GENERAL COMMENTS
This paper develops the potentially important idea that resistance to certain antimicrobials can increase the susceptibility to others and thereby affect the choice of compounds during treatment. The work is generally well written, although I have a few minor comments (listed below) that can be easily addressed. I expect the work to impact thinking in the medical community where the focus is on patient cure, not the emergence of resistance. In particular, it offers a way to address resistance that depends on treatment design, not reduction in consumption. With such large inocula, colonies can arise from undefined "inoculum effects." Thus, it is prudent to retest colonies to assure that they contain a resistance mutation. This is generally not a
